Purpose: Donor T cells respond to minor histocompatibility antigens (mHA), resulting in both graft-versus-host disease and graft versus leukemia after allogeneic hematopoietic stem cell transplantation. Because relatively few mHAs are known, we developed a new approach to predict and subsequently validate candidate mHA.
In patients who undergo allogeneic hematopoietic stem cell transplantation (HSCT) with grafts from HLA-identical donors, minor histocompatibility antigens (mHA) are presumed to be the primary immunologic targets of alloreactive T cells (1, 2) . mHAs arise as a consequence of genetic polymorphisms, which lead to the expression of unique sets of potentially immunogenic peptides in each individual (3) . Following allogeneic HSCT, donor T cells recognize these epitopes as foreign antigens and develop sustained immune responses targeting multiple mHA. Immunologic targeting of mHAs that are widely expressed in normal tissues results in graft-versus-host disease (GVHD), a common toxicity of allogeneic HSCT. In contrast, graft versus leukemia (GVL) results from expression of mHA on recipient leukemia cells and their destruction by donor T cells. The development of new approaches to enhance GVL and prevent GVHD is limited by our lack of understanding of mechanisms responsible for the immunogenicity of mHA in leukemia cells and normal tissues and by the small number of mHAs that have actually been identified (4) (5) (6) .
Current methods to identify mHA epitopes are dependent on the isolation and expansion of T-cell clones that are most often derived from recipients with GVHD after engraftment of donor T cells. T-cell clones that display selective reactivity with recipient target cells but not with donor cells are presumed to be specific for mHA (7, 8) . Once T-cell clones are established, elegant methods have been devised to identify the target peptide and to determine the genetic basis for its immunogenicity (9) (10) (11) (12) (13) (14) (15) . With these methods, >30 human mHA epitopes presented by various HLA class I and II molecules have been identified (16) . However, it is likely that these represent only a very small fraction of the potentially immunogenic mHA that can be derived from the very large number of nucleotide polymorphisms and copy number variations that exist in the human genome (3, 17) . The small number of known mHA represents a major obstacle for studies of GVHD and GVL responses in large patient cohorts and for comparing T-cell responses among different patients. For example, without larger panels of mHA that can be used to monitor T-cell responses after HSCT, it has not been possible to determine whether acute and chronic GVHD represent immune responses to distinct epitopes or whether other factors are responsible for the distinct clinical manifestations of these syndromes. Similarly, it has not been possible to determine whether distinct sets of mHA epitopes distinguish GVHD and GVL responses.
Although genes encoding mHA exist throughout the human genome, approximately one third of the known mHAs are encoded by a relatively small set of genes located on the Y chromosome (HY). These genes are located in nonrecombining regions of the Y chromosome, have substantial disparities with their X chromosome-derived homologues, and are widely expressed in normal tissues. HY peptides are recognized as foreign by T cells from female donors and elicit long-lived CD4 and CD8 T-cell responses (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . Male recipients of stem cell grafts from female donors (FM) represent a distinct group of patients who share the identical X-Y genetic mismatch with their donors. Importantly, immunologic targeting of HY proteins results in a relatively high incidence of acute and chronic GVHD when male recipients receive hematopoietic stem cell grafts from female donors (29, 30) .
The clinical manifestations of GVHD and GVL likely result from the immunologic recognition of multiple mHA in each patient. However, the actual mHAs targeted in individual patients are seldom known and the analysis of multiple mHA in large cohorts of patients having the same genetic mismatch with their donors has not been possible. To address this issue, we developed a bioinformatic approach to predict peptides derived from Y chromosome-encoded genes with high affinity binding to HLA A*0201. Focusing on HY epitopes allowed us to validate the immunogenicity of predicted peptides in blood samples obtained from 50 HLA A*0201-positive male patients after allogeneic HSCT. Of 41 predicted peptides that were tested, a subset of 13 peptides was found to elicit significant and persistent T-cell responses in FM patients compared with male recipients with male donors (MM). Twenty-seven of 28 FM patients responded to at least one of the predicted HY peptides, but responses were highly variable and each patient developed a unique pattern of T-cell responses against different sets of peptides. With this approach, it is now possible to greatly expand the assessment of immune responses after allogeneic HSCT and to prospectively monitor T-cell responses to novel epitopes identified primarily on the basis of genetic disparity between recipients and donors. Further prospective studies using this unbiased approach can be undertaken to identify specific patterns of response associated with distinct clinical outcomes, such as GVHD and GVL, and allow us to identify factors that affect immune response to mHA.
Materials and Methods
Peptide prediction and ranking. Amino acid sequences of all known Y chromosome-encoded proteins were downloaded from the SwissProt database. 6 All 9 and 10 amino acid sequences from these proteins were analyzed using the HLA A*0201 binding prediction tool of the Immune Epitope Database and Analysis resource. 7 The following ranking protocol was applied to identify peptides with the greatest likelihood of being recognized as HY antigens. First, we included only peptides predicted to have very high binding affinity (≤100 nmol/L) for HLA A*0201. Peptides derived from hypothetical proteins, variants not yet proven to be expressed, and proteins expressed only in male specific tissues (testis and prostate) were excluded because those tissues are rarely involved in GVHD. Peptides with 100% identical homologues in the human proteome (mostly chromosome X derived) identified by protein BLAST algorithm 8 were also excluded. Remaining
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peptides were compared with their homologues and ranked based on predicted properties of specific amino acid disparities. Peptides with amino acid disparities that are predicted to change peptide conformation and alter T-cell receptor interactions were ranked high. Peptides with disparities predicted to have similar conformations (e.g., I/V, I/L, I/M, L/V, L/M, and V/M) were ranked low. For amino acid disparities that involved HLA anchor positions, we assigned a high rank when the X-encoded homologue was predicted to have a weak HLA A*0201 binding affinity and was therefore predicted not to be presented in the female donor (31, 32) . As a result of this selection, 43 peptides were ranked as potential mHA. Forty-one peptides were synthesized (two failed synthesis; ProImmune) at a purity of >85% and were used for subsequent in vitro functional assays (Table 1) .
Patients and donors. Blood samples were obtained from 50 adult male patients who had undergone allogeneic HSCT at the Dana-Farber Cancer Institute and Brigham and Women's Hospital (Boston, MA). All patients provided informed consent for immunologic studies after HSCT and were enrolled on a clinical protocol for blood sample collection approved by the Human Subjects Protection Committee of the Dana-Farber/Harvard Cancer Center. The clinical characteristics of these patients are summarized in Table 2 . Twenty-eight male patients received grafts from female donors (FM) and 22 from male donors (MM). All patients and donors were HLA identical and HLA A*02 positive. HLA typing was done by serology for individuals with related sibling donors. Molecular typing for HLA A*0201 was confirmed in 10 FM and 12 MM patients with unrelated donors. The two groups of patients were similar with respect to underlying hematologic malignancy, intensity of transplant conditioning, and stem cell source. A lower fraction of FM patients had unrelated donors (32%) compared with MM patients (59%), but this difference was not statistically significant. All 28 FM patients developed chronic GVHD; 82% of MM patients had chronic GVHD and the majority of patients in both groups had extensive disease. Samples were obtained >6 mo after transplant for both groups, although there was a wide range of times for collection of these samples. In addition, blood samples were obtained from 26 healthy HLA A*02-positive individuals (15 females and 11 males).
Enzyme-linked immunospot assay. Peripheral blood mononuclear cells were obtained from EDTA anticoagulated blood samples after Ficoll-Hypaque density gradient centrifugation. Fresh peripheral blood mononuclear cells (1 × 10 6 to 2 × 10 6 ) from patients and normal donors were stimulated with individual peptides (10 μg/mL) in 24-well plates for 1 wk. On day 6, T2 cells stably transfected with HLA A*0201 were pulsed with the same peptides (10 μg/mL peptide with 5 μg/mL β 2 -microglobulin; ProImmune) in separate wells and cultured overnight at 37°C. On day 7, responding cells were counted and 200,000 peripheral blood mononuclear cells were restimulated in duplicate with 20,000 peptide-pulsed T2 cells in enzyme-linked immunospot (ELISPOT) wells that had been precoated with anti-IFNγ antibody. ELISPOT plates were developed with nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate reagent and plates were scanned (S4 analyzer, ImmunoSpot, CTL Analyzers LLC). Peptides derived from HIV (KLTPLCVTL) and hepatitis C virus (HCV; DLMGYIPLV) known to have high affinity binding for HLA A*0201 were used as negative controls and HLA A*0201 peptides derived from EBV (GLCTLVAML) and cytomegalovirus (NLVPMVATV) as positive controls for each assay (ProImmune). The number of spots in duplicate wells was averaged.
Statistical methods. For two-sample comparison, a twosided Wilcoxon rank-sum test was done for continuous variables and a two-sided Fisher's exact for categorical variables. P values for comparisons of various groups are nominal, without adjusting for multiple comparisons. To establish a cutoff point for positive ELISPOT, the recursive partitioning method and receiver operator characteristic curve method were used. ELISPOT value of 20 spots/200,000 cells above the negative control was established as the cutoff value for determination of positive T-cell reactivity for all peptides. Spearman's rank test was used for correlation analysis. Heat map was generated using dChip software (33) . Potential confounders for T-cell reactivity were examined in multivariable linear and logistic regression models. All ELISPOT values were log 10 transformed before linear modeling.
Results
Detection of T-cell response to predicted HY peptides. Based on our ranking algorithm (see Materials and Methods), 43 peptides (20 9-mers and 23 10-mers) derived from five proteins were predicted to be potential HY epitopes (Table 1) . Thirteen peptides represented 9-and 10-mers of the same epitopes (marked with consecutive numbers in Table 1 ). The only previously known HLA A*0201-restricted HY mHA (JARID1D311) was predicted and ranked first according to our algorithm. Forty-one peptides were synthesized (two failed synthesis) and high binding affinity to HLA A*0201 was confirmed for 39 peptides using REVEAL assay (ProImmune).
Peripheral blood samples obtained from 50 male patients after allogeneic HSCT were evaluated for specific T-cell responses to each of the 41 predicted HY peptides using ELISPOT (Table 2 ). Responses could be blocked by anti-HLA class I antibodies but not with anti-HLA class II antibodies (data not shown), confirming that ELISPOT results reflect the frequency of CD8 + T cells specific for the tested peptide. HY peptides are expected to be more immunogenic in FM patients than in MM patients. The ELISPOT response to each peptide in 28 FM patients was therefore compared with responses detected in 22 MM patients. observed for 15 peptides, including all 13 peptides derived from DDX3Y, JARID1D, and UTY proteins plus one PCDH11Y and one USP9Y peptide. Responses to two peptides (USP9Y1578 and UTY148) were low intensity and detected in <20% of FM patients and were excluded from further analysis. As expected, the previously known JARID1D-derived, HLA A*0201-restricted mHA was included in the group of peptides with high-level T-cell responses restricted to FM patients. However, six peptides elicited more frequent responses in FM patients than JARID1D311. Quantitative assessment of T-cell responses against immunogenic HY peptides. The magnitude of T-cell response measured by ELISPOT to each of the 13 selected HY peptides in FM and MM patients, normal females (NF), and normal males (NM) is summarized in Fig. 1 . Response to negative control peptide (HIV or HCV) has been subtracted in each assay. ELISPOT values of >20 spots/ 200,000 cells were considered positive. The magnitude of T-cell response to this set of 13 HY peptides is significantly greater in the FM patient group than in MM patients and NF or NM donors (median, 12, 0, 0, and 0 spots/ 200,000 cells, respectively; P < 0.0001, for comparison of FM with each group separately). In 26 healthy individuals (15 NF and 11 NM), 32 positive ELISPOT responses were detected in 332 assays, 25 (78%) in NF, and 7 (22%) in NM (P = 0.01). Interestingly, five females account for 22 of 25 (88%) positive responses in NF. Long-lived T-cell responses to HY have previously been reported following pregnancies with male fetuses, but maternity history for the NF we tested is not available. T-cell responses to the EBV-positive control peptide are not shown in Fig. 1 . EBV responses were similar among FM, MM, NF, and NM groups (median, 53, 54, 78, and 24 spots/200,000 cells, respectively; P = NS for all comparisons) but significantly greater than the response to HY peptides in FM patients (P = 0.017) as well as in the other groups (P < 0.02). Responses to both control and HY peptides were not detected in patients and donors that were HLA A*0201 negative (data not shown).
Relative immunogenicity of selected HY peptides. To further characterize the immunogenicity of HY peptides, we compared the frequency and magnitude of positive responses to each peptide in FM patients (Fig. 2) . No correlation was found between intensity and frequency of T-cell responses. For example, some peptides (JARID1D467 and UTY719) elicited strong ELISPOT responses but these responses were detected in relatively few patients. Other peptides (PCDH11Y437b, DBY428, and JARID1D640) elicited weaker T-cell responses but these were detected in greater numbers of FM patients. The previously reported mHA (JARID1D311) elicited a relatively strong response, but this was only detected in 33.3% of FM patients.
Patterns of T-cell responses to HY epitopes and association with GVHD. Despite identical genetic mismatch, T-cell responses to the same set of HY-derived peptides were very (Fig. 3) . Several interesting patterns of response emerged from this analysis. Patients in group A are characterized by highlevel responses to DDX3Y and UTY peptides. Responses to PCDH11Y are relatively weak and responses to most JARID1D peptides are not present. In contrast, patients in group C are characterized by strong responses to PCDH11Y and only to some JARID1D and UTY peptides, but responses to DDX3Y are weak. Patients in group B are very heterogeneous and responded to different JARID1D, DDX3Y, and PCDH11Y peptides in contrast to weak or absent responses to UTY peptides. These groups had no distinctive clinical features. Interestingly, 6 of 7 (86%) patients in group C had myeloid leukemia compared with 11 of 21 (52%) in A or B, but this was not statistically significant (P = 0.19).
Correlation of T-cell responses with clinical course. Blood samples from patients were obtained over a wide range of times after allogeneic HSCT. Figure 4A plots all T-cell responses directed against the panel of 13 HY peptides that were observed in FM patients in the first 5 years after transplant. Responses were observed throughout this period. Although all patients in the FM group developed chronic GVHD after transplant, some patients had inactive or resolved disease at the time of analysis. Nevertheless, when all responses of all patients were assessed as a whole, the magnitude of response measured by ELISPOT did not correlate with time from transplant or with clinical grade of GVHD at the time of analysis.
Three additional HLA A*0201 FM patients have been monitored prospectively for at least 6 months following transplant. Two patients developed acute GVHD at ∼3 months after transplant. As shown in Fig. 4B , patient B1 developed high-level T-cell responses to DDX3Y and most JARID1D peptides, including the previously known HY mHA, at the time that clinical acute GVHD became evident but not to UTY and PCDH11Y peptides. Responses were not detectable before the diagnosis of acute GVHD or after high-dose corticosteroid treatment was initiated. The pattern of response to HY peptides was very different in patient B2 who participated in an experimental GVHD prophylaxis protocol. Response to one UTY peptide was first detected 52 days after transplant. At that time, the patient had a mild rash that was treated with topical steroids and was given an experimental agent followed by clinical improvement. At day 94 after transplant, he presented with acute GVHD of the colon and a marked response to PCDH11Y was detected at the following visit. Responses to DDX3Y and JARID1D peptides were not detected throughout this period. Patient B3 did not develop GVHD. A transient response to only one HY peptide (DDX3Y428) was detected in the first 3 months after HSCT. Acute lymphoblastic leukemia relapse was first suspected on day 137 when a mediastinal mass was detected. Immune suppression was tapered rapidly and transient weak responses to several HY peptides were detected on day 148. T-cell response to only one peptide persisted (DDX3Y428), but this response also waned when bone marrow relapse was confirmed at day 211.
Discussion
One major barrier for studying allogeneic immune response is the low number of mHA identified as targets of GVHD and GVL (34) . No studies have been able to prospectively monitor responses to multiple mHA in large numbers of patients, as T-cell function is reconstituted after allogeneic HSCT. To address this issue, we developed a 9 dChip available from: http://biosun1.harvard.edu/complab/dchip. bioinformatic approach to predict HY peptides with high affinity binding to HLA A*0201. By focusing on proteins encoded by genes on the Y chromosome and a relatively common HLA allele, we were able to validate our predictions in blood samples obtained from 50 HLA A*0201-positive male patients who had undergone allogeneic HSCT at our institution. Thirteen HY peptides were validated by identifying high level of responses among FM patients, whereas responses were absent among MM patients. When tested in HLA A*0201-positive normal individuals, significant responses were also detected in some normal females but not in normal males. T-cell responses to these HY peptides were not detected in patients or normal donors who were HLA A*0201 negative. Our findings are consistent with previous studies of memory T-cell responses to individual HY presented by other HLA class I and II alleles in normal females that can persist for many years after exposure to male cells during normal pregnancy (35) (36) (37) (38) .
Only one HLA A*0201-restricted HY mHA has previously been identified (19) . This epitope, derived from JARID1D (SMCY), was predicted (JARID1D311) and verified as immunogenic in FM patients and NF, supporting both the validity of our bioinformatic algorithms and the functional sensitivity of our posttransplant ELISPOT assays. However, responses were only detected in 33% of FM patients (36, 39) and six other peptides elicited more frequent responses in FM patients. This included two other peptides derived from JARID1D as well as peptides from four other Y-encoded proteins not previously known to elicit HLA A*0201-restricted responses. These observations suggest that the relatively small number of known mHA represent only a small fraction of the mHA that actually elicit immune responses after allogeneic HSCT. Because conventional methods for identifying mHA depended on the selection and expansion of individual T-cell clones, these approaches were necessarily limited by the ability of individual T-cell clones to expand in vitro and by the types of donor and recipient cells used to define alloreactivity. Our approach extends previous methods by providing a comprehensive and unbiased screening for identification of multiple novel mHA. This method facilitates the identification of target antigens that reflect the broad nature of T-cell responses to the large numbers of mHA that distinguish donors and recipients. It also enables the investigation of target antigens that may be selectively expressed in recipient tissues frequently involved in GVHD, such as liver, gut, mucous membrane, salivary gland, lung, and skin.
All patients in our study expressed HLA A*0201, and all FM patients were genetically mismatched with donors for all Y-encoded proteins. Nevertheless, the responses to Yencoded HLA A*0201 peptides were very heterogeneous. In fact, none of the 28 FM patients exhibited identical patterns of response to these 13 immunogenic HY peptides. Although the reasons for this heterogeneity are not clear, one explanation may be that this is a reflection of the limited sensitivity of our ELISPOT assay. A more sensitive assay might be able to detect responses to more HY peptides in all FM patients and reveal that the heterogeneity we have observed primarily reflects quantitative rather than qualitative differences. Alternatively, differences in protein expression, antigen processing (40), or MHC presentation may also be responsible for a personalized pattern of response against mHA. Thus, within the group of only 28 FM patients, we were able to identify clusters of patients who respond similarly to subsets of HY peptides. This may reflect an interaction between patient-specific genetic and environmental factors. The repertoire of potential immunogenic peptides is determined by patient/donor mismatch, HLA type, and proteasomal processing. However, the actual peptides presented in different tissues are affected by the extent of local inflammation or tissue damage. Moreover, the repertoire of donor T cells also reflects different prior exposure to these same or similar epitopes in the context of pregnancy, blood transfusion, or other exposures. Previous studies in our laboratory have shown that FM patients frequently develop specific antibody responses to HY proteins and that HY antibody responses are significantly associated with the development of chronic GVHD (26, 41, 42) . The presence or absence of B-cell responses to HY proteins may also influence specific T-cell responses to peptide epitopes derived from the same proteins. Having identified a new panel of immunogenic HY epitopes, further studies can address these specific issues and provide us with a more comprehensive understanding of T-and B-cell responses in patients undergoing sex-mismatched transplant.
Although FM patients were not studied prospectively at serial time points, our results reveal a remarkable persistence of T-cell responses to HY peptides for many years after transplant. Given the heterogeneity of this patient group and the variability of sampling, we were not able to correlate specific T-cell responses to any clinical outcome variable. We were also not able to determine whether T-cell responses to HY peptides develop in patients who do not develop GVHD. To address these issues, we have initiated prospective monitoring of T-cell responses to a defined panel of HY peptides in FM patients. Results in three representative patients (Fig. 4B) show that T-cell responses increase when two of these patients develop acute GVHD but the target epitopes varied greatly. Moreover, successful treatment of acute GVHD was associated with a marked reduction in the number of circulating T cells reactive with these peptides. In one patient that did not develop GVHD, only a transient weak response to a single peptide was detected. Prospective analysis of a large cohort of FM patients will be necessary to determine whether quantitative responses to HY peptides correlate with clinical manifestations of GVHD or GVL and response to therapy and whether this may become a clinically relevant monitoring tool for patients undergoing allogeneic HSCT.
HLA A*0201 is the most common HLA allele expressed in approximately 40% to 50% of our patients. In future studies, our approach can be extended to other HLA class I and II alleles. Extending this analysis to more comprehensive sets of HY peptides will be necessary to effectively capture the breadth of T-cell responses to this defined set of important target antigens. Similarly, this bioinformatics-driven approach can also be extended to predict immunogenic epitopes derived from single nucleotide polymorphisms or gene deletions present throughout the genome. Unlike HY disparities, prediction of autosomal mHA must be coupled to genetic typing of patients and donors to identify potentially immunogenic disparities between each recipient/donor pair. Newer genetic platforms coupled with sophisticated bioinformatics tools have made such studies possible.
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